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Abstract
In this study, a biaxial tensile test of cruciform specimens containing centre notch was conducted with a miniature
biaxial tensile test system in order to clarify the deformation behavior near the crack tip at the early stages of crack
initiation when objected to a biaxial stress state. Stress distributions were determined by X-ray diffraction stress
measurement, and the crack initiation angle was predicted by modified Dugdale model. The microstructure
evolutions were investigated by the electron backscatter diffraction technique. The deformation twins were formed at
the biaxial tensile test due to the creation of a large stress field near the crack-tip region. The formation region of
deformation twins became small with the equiaxial tension due to the lower stress concentration. Observation of the
microstructure reveals that the deformation is dominated by basal slip under equal biaxial tensile loading. The
asymmetrical biaxial tensile loading generates deformation twins near the crack tip. These results indicate that
deformation twinning in the vicinity of crack tip is more significant in predicting the initial crack growth.
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1. Introduction
The lightest of all structural alloys currently in use, magnesium alloys have great potential for
application as structural materials in the aircraft and automobile industries. It is vitally important to
ensure that mechanical properties of these alloys satisfy both reliability and safety requirements. Fracture
toughness is one method for investigating whether the alloy conforms to reliability and safety
requirements. However, the fracture toughness in magnesium alloys has, in generally, been reported to be
much lower than that in aluminium alloys [1] due to their hexagonal close-packed (hcp) structure; the slip
system of magnesium is, generally, the basal plane at room temperature, and this results in poor plastic
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deformation as compared with that of other materials with bcc and fcc structures [2]. The existence of
several deformation twins has been conformed in the vicinity of the fracture in deformed magnesium
alloys by microstructure observations, and the mechanical properties, such as ductility, fatigue and
toughness [3-5], of these alloys have all been noted to be poor. Therefore, reduction and/or prevention of
the formation of deformation twins appear to be significant for improving mechanical properties of
magnesium alloys.
This study aimed to further understanding of mechanisms that govern the plastic deformation in the
vicinity of crack tip for a magnesium alloy subjected to a biaxial stress state. We employed a method by
which the stress intensity factor dependence of the plastic zone of two major types of deformation with
three loading ratios and two crack angles was calculated. This information is of considerable importance
in initial crack prediction, in which twinning plays a highly influential role.
2. Experimental Model
The well-known Dugdale model is based on the Tresca yield condition [6]. This model is a center-
cracked plate of an elastic–plastic material with yield strength ıy when subjected to a uniaxial remote
uniform tension ı. The introduction of the crack model in linear elastic fracture mechanics (LEFM) along
with the įc-criterion has facilitated linking of the limiting state of a body with micro- and macro-cracks to
construct a theory of fracture in uniaxial tension. The Dugdale model plastic strain for plane stress state
was given by [6] and is as follows:
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Here, K is the stress intensity factor and ȡ is the plastic zone size. This expression was obtained on the
basis of the asymptotic field of elastic stress at crack growth direction. A similar estimate can be obtained
from the Dugdale model when subjected to a biaxial stress [7]:
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Here įt, uy and įt, ux are the crack tip displacement in both axes; G is the shear module; Ȟ is the
Poisson's ratio. For isotropic material, with the plane stress, k = (3-Ȟ) / (1+Ȟ). KI and KII can be given as:
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Under biaxial load conditions, crack growth does not occur in a straight direction, but follows a
complex curved crack path, where the change of direction is determined by the relation between KI and
KII. To calculate the instantaneous change of direction of the crack kink, the most common methods used
are the maximum circumferential stress [8], the maximum potential energy release rate and the minimum
strain energy density [9]. In this paper the maximum circumferential stress method is used. In polar
coordinates, the stress field near crack tip is written as follows:
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The crack propagation direction is obtained by imposing the condition [8] 0=∂∂   or 0= r
which produces the following equation:
( ) 01cos3sin =−+ cIIcI KK           (5)
The predicted crack initiation angle șc can be written as:
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3. Experimental procedures
The material used in this study comprised a wrought magnesium alloy AZ31B sheet. The biaxial
tensile test was performed by a miniature biaxial tensile test device, which was developed by the Ju-Lab
in the Saitama Institute of Technology. For the specimen, a hole measuring 0.5 mm in diameter was
created by an end mill. Then, both sides of crack tips were processed to have curvatures with radius of
0.15 mm. In a final step, the specimen, with cross type of 50 mm in length and width, 10 mm in the width
of the chuck, and 1.1 mm in a fillet radius, was processed by a wire-cutting machine. In particular, the
biaxial tension asymmetry of the yield and flow stress and the in-plane anisotropies of the yield and flow
stresses were evaluated with increasing loading ratios at room temperature. An angle value of 90°, which
is the angle between the crack and rolling direction, was chosen.
Biaxial tensile tests were performed on the AZ31B Mg alloy sheet. A more detailed description of test
procedures is presented by Wang Jian-gang et al. [7]. The strain rate was set at 1.5 × 10-3s-1. A Rigaku
PSPC/MICRO stress analyzer and strain gage were used for in-situ measurement of the stress-strain of the
crack tip. The X-ray tube (Cr-KĮ) was operated at 40 kV and 30mA, with a slit diameter of 0.5 mm. The
shift of the Mg (104) diffraction profile was detected at angles (ȥ) = 0°, 20.7°, 30°, 37.8°, and 45°. The
diffractive angle 2ș0 was 152°. The stress constant of the X-ray diffraction analysis was -78 MPa per
degree. The change of surface stress in the vicinity of the crack tip was obtained. The load ratios (X-
axial:Y-axial) were 40:120, 60:120, and 120:120 MPa. The microstructure and texture near the crack tip
when deformed by biaxial tension were examined by EBSD to evaluate deformation and recrystallization
mechanisms.
4. Results and Discussion
4.1 Stress distribution and crack initiation angel under biaxial stress state
The correlation between the strain and stress values was obtained by the Micro part X-ray stress-
measurement device, shown in Fig.1. Results indicate that concentrated stress effects exist near the crack
tip when loading; moreover, this trend becomes more and more evident with increased loading. The stress
level at equal-loading tension is less than that of the other two loading ratios. Further, the stress
concentration appears to have reduced under equal-loading tension loading. This tendency does not
depend on crack angle and applied load. These results imply that there is no obvious anisotropism in the
Mg alloy AZ31 sheet. The maximum transverse stress at the crack tip is approximately 166 MPa at more
than three loading ratios in both cases. This indicates that plastic deformation has occurred at the crack tip.
For a 90° case, we verified that the material under biaxial stress exhibits only Mode-I [10].
From Fig.2, it is clearly apparent that the residual stress is tensile at the crack tip; its magnitude
increases with the increasing distance from the crack tip; on reaching the maximum level, the magnitude
of stress gradually diminishes. To determine the extent of the residual stress pattern we determine the
distance, ȡ, from the crack tip to the minimum value of residual stress (Fig.2). This distance, ȡ, when
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defined according to a simple model based on ideal elastic–plastic behavior, is indicative of the plastic
zone size. These results imply that the plastic zone size in the equal-loading test is larger than that in the
other two loading ratios for both cases [11]. The calculated KI and KII values obtained by using Eq.3 for
three loading ratios are listed in Table 1. It is noted that the KI values decrease in the 90° case while the
loading ratios increase. However, the KII values decrease in both cases while the loading ratios increase.
The predicted crack initiation angles for three loading ratios in both cases are shown in Table 1.
Table 1 The calculated KI values and crack initiation angle for three loading ratios
Stress intensity factor 40:120 (MPa) 60:120 (MPa) 120:120 (MPa)
KI (MPa m1/2) 49.5 48.4 47.9
KII (MPa m1/2) 14.7 10.2 4.5
șc (°) 29 21 10
4.2 Microstructure evolutions of the AZ31 Mg alloy sheet
The microstructures of the uniaxial tensile samples that deformed to 2% and 8% strain are shown in
Fig.3. No evidence of twinning was found in the 2% strain tensile deformed sample. It is found that the
tensile plastic deformation in the early stage will be dominated by the basal slip. Contraction twins
existed in some of the grains in the 8% strain tensile deformed sample. There was contraction along both
the thickness and width directions when subjected to a large unaxial tensile deformation. These strain
paths are parallel to the c-axes of the RD and TD components, respectively. Therefore, both groups of
grains experienced contraction twinning [12].
The microstructures of the 90° crack tip obtained in the sample stretched along two directions at room
temperature, and are presented in Fig.4: with loading ratios of (a) 120:120 MPa, (b) 60:120 MPa and (c)
40:120 MPa. The crack tips are marked by black arrows; the deformation twins are marked by blue
arrows; the crack propagation direction is marked by transparent arrows. The inverse pole figure
represents the TD direction. Fig.4 (a) indicates that no evident deformation twinning was found at near
the crack tip in the equal biaxial tensile loading. However, the maximal plastic zone size is produced in
the equal biaxial loading due to the effect of TD loading. Moreover, the contribution to deformation by
the shear stress component becomes smaller under equal biaxial tension [13]. Therefore, the plastic
deformation in the vicinity of the crack tip for this case is dominated by basal slip, which is similar to that
in the 2% strain uniaxial tensile deformation. These results indicate that the deformation by basal slip
primarily contributes to the stress intensity factor in the loading ratio 1:1. In the other two loading-ratio
Fig.2 Residual stress distribution along
crack propagation
Fig.1 Stress-strain curves at 0.5mm distance
from crack tip with three load ratios
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samples (Fig.4b and c), lenticular featuring into grains, i.e. deformation twinning, marked by arrows, is
observed in the vicinity of the crack tip. Further, more twinning was found in the sample with the
40:120MPa load ratio. The micro-hardness test data are depicted in Fig.5 as Vickers hardness against
distance from crack tip.
Fig.3 EBSD images of uniaxial tensile sample
From these results, it is apparent that different deformation processes are generated in different modes (I
and II). The deformation by basal slip can be produced by a pure mode I, and the deformation twins can
be observed in the mixed modes I and II’ case. Moreover, the inclined path for the deformation twin is
produced by mixed modes I and II. The predicted crack initiation angle, approximately 29°, can be
obtained for the load ratio 1:3. Therefore, the deformation twins that are trace oriented at approximately
30° to the crack plane are nucleated due to the coupling effect of KI and KII. This is consistent with the
result presented in Fig.3c; this finding validates the calculated result.
Fig.4 The microstructures of crack tip with three
loading ratios under biaxial tensile test Fig.5 The hardness distribution at near crack tip
Crack initiation
direction
100 m100 m 100 m
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5. Conclusions
This study aimed to investigate the mechanical behaviour and microstructure evolution in the vicinity
of a crack tip of a warm rolled and recrystallized AZ31B sheet alloy subjected to a biaxial stress state.
The results of this investigation have been compared with the mechanical behaviour and microstructure
evolution of the AZ31B alloy sheet in the uniaxial tension test. The primary conclusions of this study are
summarized as follows:
1. During the uniaxial tension test, although there is no obvious the anisotropism of the Mg alloy AZ31
sheet, the basal texture generated by the yield stress and elongation of the transverse direction is larger
than that in the rolling direction.
2. The strain paths have significant effects on the deformation near the crack tip. The deformation is
dominated by basal slip when subjected to equal biaxial tensile loading. The asymmetrical biaxial tensile
loading results in the development of deformation twins near the crack tip. Twin-induced hardening can
be managed with latent hardening parameters.
3. In this study, it is credible that the crack initiation angle is predicted by modified Dugdale model.
The deformation twinning in the vicinity of the crack tip is more significant in predicting the initial crack
growth.
Acknowledgments
This research is partially supported by Open Research Center in Saitama Institute of Technology of
Japan, Steel Research Center of National Institute for Materials Science of Japan and University of
Science and Technology Liaoning of China.
References
[1] Somekawa H, Singh A, Mukai T. High fracture toughness of extruded Mg-Zn-Y alloy by the synergistic effect of grain
refinement and dispersion of quasicrystalline phase. Scripta Mater 2007; 56:1091-1094.
[2] Sheerly WF, Nash RR. Mechanical properties of magnesium monocrystals. Trans Metall Soc AIME 1960; 218: 416-423.
[3] Somekawa H, Singh A, Mukai T. Fracture mechanism of a coarse-grained magnesium alloy during fracture toughness testing.
Philos Mag Lett 2009; 89:2.
[4] Tsushida M, Shikada K, Kitahara H, Ando S, Tonda H. Relationship between fatigue strength and grain size in az31
magnesium alloys. Mater Trans 2008; 49:1157.
[5] Uematsu Y, Tokaji T, Kamakura M, Uchida K, Shibata H, Bekku N. Mater. Effect of extrusion conditions on grain
refinement and fatigue behavior in magnesium alloys. Mater Sci Eng A 2006; 434:131.
[6] Dugdale D. Yielding of steel sheets containing slits. J Mech Phys 1960; 100-108.
[7] Wang JG, Ju DY, Sun MJ and Li SL. A new analytical method for stress intensity factors based on in situ measurement of
crack deformation under biaxial tension. Materials and Design 2011; 32:664-670.
[8] Erdogan F, Sih GC. On the crack extension in plates under plane loading and transverse shear. J Basic Eng 1963; 85:519-527.
[9] Rice JR. Mechanics of crack tip deformation and extension by fatigue. ASTM STP 415 ASTM, 1967; 247-311.
[10] Wang JG, Zhao HY and Ju DY. Evaluation of stress intensity factors of thin AZ31B magnesium alloy plate under biaxial
tensile loading. Trans Nonferrous Met Soc China 2010; 20:1282-1287.
[11] Gao X, Wang HG, Kang XW, Jiang LZ. Analytic solutions to crack tip plastic zone under various loading conditions, Eur. J.
Mech. A-Solid 2010; 29:738-745.
[12] Jiang L, Jonas JJ, Mishra RK, Luo AA, Sachdev AK and Godet S. Twinning and texture development in two Mg alloys
subjected to loading along three different strain paths. Acta Materialia 2007; 55:3899-3910.
[13] Sun CT, Tao J, Kaddour AS. The prediction of failure envelopes and stress/strain behavior of composite laminates:
comparison with experimental results. Compos Sci Technol 2002; 62:1673-1682.
